preamplifier, a filter (160/24 db octave) and a sound spectrograph (Rion Co. S.G. (7) . Contour sound spectrograms (SSG) were drawn and peak frequency, wave pattern and frequency-intensity curves were investigated as characteristics of implanted valvular function.
Peak frequencies of valvular opening and closing sounds were recorded between 1800 to 5000 Hz and differed according to the types of prosthesis.
In mitral+aortic valve replacements, valvular sounds of two prostheses were clearly separated and this finding was very useful for determining the prosthesis which fell into malfunction.
Decrease in peak frequency of valvular sounds or abnormal wave patterns in contour SSG were observed in 9 cases (18%). Of 9 cases, 4 cases underwent re-replacement and 2 cases died of congestive heart failure. Operative or autopsy findings gave proof to the findings in sound spectroanalysis. valve replacement; malfunction of prosthetic heart valve; contour sound spectrogram Despite vigorous efforts to improve prosthetic heart valves in design and material for better clinical results, complications related to valve replacements, such as thromboembolism, endocarditis, hemolysis and malfunction of the implanted prosthesis, still remain as major problems awaiting solution. Among these complications, malfunction of the prosthetic valves is particularly severe in prognosis (Carey and Hughes 1968; Starr 1971; Hylen 1972 ; Barnhorst et al. 1975 ; Robicsek and Harbold 1976) . If once malfunction of prosthesis is detected, the only way to solve this condition should be early re-replacement, because no healing tendency could be anticipated for artificial organs such as prosthetic heart valves ,
Evaluation of implanted prosthetic valvular function and diagnosis of malfunc tion have been done by means of phonocardiography (Hylen et al. 1968 ; Osawa et al. 1972) , cineangiocardiography (Linhart and Wheat 1966; Edgett et al . 1967 ) and echo-cardiography (Johnson et al . 1973; Ansbro et al. 1976) up to this time, but it was not easy to achieve accurate diagnosis of malfunction in a very early stage . In addition, easy, non-invasive and reliable methods should be utilized for follow up of the patients bearing prosthetic heart valves.
Prosthetic valvular sounds contain much higher frequency components than those of the natural heart, and in cases of ball variance or thrombosis , the high frequency components fall off in a very early stage . From this point of view, we have done evaluation of implanted prosthetic valvular function as well as diagnosis of malfunction using sound spectroanalysis (Tanaka et al . 1972; Kagawa et al. 1975) .
In this study, contour sound spectrograms (SSG) were obtained and changes in peak frequency and wave pattern were investigated as characteristics of valvular function.
MATERIALS AND METHODS
With the patient in the supine position, valvular sounds were obtained using a moving coil microphone applied on the anterior chest wall and recorded with a taperecorder after the signals were passed through preamplifier and filter which was set at 160/24 db/octave . Then a contour SSG was drawn using a sound spectrograph (Rion Co . S.G. 07) on the recording paper. Sites of recording were between the 1st to 5th intercostal spaces on the left or the right sternal border or between the 3rd to 5th intercostal spaces on the left mamillary line and were selected according to the types of surgery. 
RESULTS
High frequency components of the mitral valvular sounds were well recorded in the 4th intercostal space on the left sternal border and those of the aortic valvular sounds in the 2nd or 3rd intercostal space on the left sternal border. Peak frequencies of opening sounds (0S) and closing sounds (CS) differed according to the types of prosthesis ranging from 1800 to 5000 Hz, but a decrease in the high frequency components was most characteristic in malfunctioning prosthesis. Normal and abnormal findings of SSG will be described according to the types of surgery and prosthetic valves in the following section. Aortic valve replacement. High frequency components of aortic valvular sounds were well recorded in the 3rd intercostal space on the left sternal border . Other high frequency components during systolic phase and continuously to aortic opening sound (AOS) were recorded in all cases . According to the wave pattern, these high frequency components were divided into two groups . One was an uneven, sawteeth-like pattern (rolling sound type) and the other was an even , flat type (plateau type), as shown in Figs. 4-A and 4-B . These two patterns were observed in each half of the aortic valve replacements . Peak frequencies of AOS and closing sound (ACS) were dotted according to the types of prosthesis in Fig . 2 . The curves are drawn using mean value of intensity of OS in db at each frequency.
Normal findings
Starr-Edwards 6500 series show the most gentle slope compared with Kay-Shiley and Starr-Edwards silicon ball (6000, 6120) valves. Tricuspid valve replacement. High frequency components were well recorded in the 4th intercostal space on the left sternal border. Opening (TOS) and closing sounds (TCS) were 4000 and 2000 Hz, respectively, and showed almost the same pattern as mitral valvular sounds in contour SSG.
Abnormal findings
Decline of peak frequency of either OS or CS below lower normal limit, which was set at mean-2 S.D. Hz, steep decline in frepuency-intensity curve and abnormal wave pattern were regarded as abnormal findings in SSG. Based on these criteria, abnormal findings were observed in 9 cases as shown in Table 2 .
Mitral valve replacement. Of 31 mitral valve replacements, 5 cases showed decline of peak frequency of MOS and/or MCS below lower normal limit.
Time intervals between surgery and sound spectroanalysis when abnormal findings were obtained were from 5 months to 7 years. Contour SSG of these cases showed remarkable loss of high frequency components as shown in Fig. 7 -A. Declines of both MOS and MCS were noted in 3 cases, and a decline of either MOS or MCS in one case each as shown in Table 3 . In Cases 3 and 4, decreases of peak frequency of both MOS and MCS were noted with the lapse of time as shown by the arrow in Fig. 2 . The MOS/MCS ratios of 3 complicated cases (Cases 2, 3, 4) of Kay-Shiley valves were more than 1.0. The frequency-intensity curves from 4 cases in which the mitral valves were replaced with Kay-Shiley valves (Cases 2, 3, 4, 8) were drawn using either MOS or MCS which showed lower values in peak frequency.
A steep decline in the frequency-intensity curve compared with a normal group was most characteristic as shown in Fig. 8 . Loss of high frequency components was well expressed in these cases.
Of the 5 cases, 3 were re-hospitalized because of congestive heart failure 5 months to 4 years after surgery.
Heart catheterization was carried out in 2 cases, which revealed stenosis at mitral prosthesis.
Re-replacement was done urgently for these 2 cases (Cases 1, 2). In Case 3, catheterization and re-replacement could not be done because of fluminent hepatits. Case 4, which showed no abnormal findings in heart cathetrization and other examinations except sound spectroanalysis, expired after 10 months because of congestive heart failure.
Operative findings of Cases 1 and 2 as well as autopsy findings of Cases 3 and 4 revealed restriction of movement of the occuluder by thrombus adhering to the struts or valve seat as shown in Fig. 9 . Case 5 which showed only a decline of MOS had no abnormal findings in clinical signs and other examinations and has been doing well for 4 years postoperatively.
Aortic valve replacement. Of 14 aortic valve replacements, only one case (Case 6) showed abnormal findings in SSG. The patient was a 17-year-old male who underwent aortic valve replacement with Starr-Edwards 2310. He showed a smooth postoperative recovery course until 24 days postoperatively, when he suddenly suffered from cardiac arrest, from which he was recovered by heavy blows This episode happened twice and he was re-hospitalized urgently.
In SSG, AOS and ACS fell from 5000 and 4300 Hz, respectively, 2 weeks after surgery down to 2900 and 4000 Hz at the time of re-hospitalization, but still they were above lower normal limit. Mitral+aortic valve replacement. Of the 4 cases, 2 (Cases 8, 9) showed a decline of the peak frequency of mitral or aortic valvular sounds below lower normal limits. As to the mitral valvular sounds, a decline of both MOS and MCS was noted in Case 8 and a decline of MCS in Case 9. MOS/MCS ratio was more than 1.0 in Case 9, in which the mitral valve was replaced with Kay-Shiley valve. As to the aortic valvular sounds, ACS of Case 8 was as low as 1500 Hz, but still above lower normal limit. As to the clinical symptoms, these 2 cases showed no particular signs except a minor cerebro-vascular accident in Case 9.
Tricuspid valve replacement. Abnormal findings were seen in Case 5, which underwent tricuspid valve replacement with Starr-Edwards 6520 for Ebstein's anormaly. TOS and TCS, which were 4000 and 2000 Hz at the time of discharge, fell to 1100 and 900 Hz 3 and half years after surgery when the patient was re hospitalized because of congestive heart failure (the arrow in Fig. 2) . Heart cathe terization revealed tricuspid steno-insufficiency and re-replacement was carried out using Carpentier-Edwards xenograft. A thrombosed valve was found during operation.
As stated above, of 50 cases 9 cases showed abnormal findings in SSG, which consisted of 8 cases with declines of peak frequency of OS and/or CS below lower normal limits and one case with abnormal wave pattern in contour SSG, as shown in Table 3 . Of 9 cases, 6 cases showed particular signs in clinical symptoms and hemodynamic studies. Operative or postmortem findings of these 6 cases, which were 5 thrombosed valves and one intermittent stuck ball, gave proof of the findings in SSG and were judged as "positive" in sound spectroanalysis. In the other 3 cases, no abnormal findings could be confirmed in other examinations despite abnormal findings in SSG. They were judged as "false positive" in sound spectroanalysis.
DISCUSSION
The OS and CS of the prosthetic valves are impact sounds between occluder and struts or valve seat according to the excursion of occluder caused by systole and diastole of cardiac chambers. They contain very high frequency components compared with the valvular sounds of the natural heart. Therefore, evaluation of prosthetic valvular function was difficult in the phonocardiographic level and analysis of high frequency components of the prosthetic valvular sounds must be done for these purposes. The impact sounds of occluder and struts or valve seat may be different according to the valve structure and may be altered by ball variance or interposition of other substances such as thrombus and tissues. Hylen et al. (1969) stated that in ball variance of aortic prosthesis, the high frequency components of the valvular sounds, which were difficult to detect by means of phonocardiography, fell off and the peak frequency of AOS fell below 1300 Hz in 11 cases out of 12 cases of ball variance. Kingsley (1972) and Gordon et al. (1974) also reported the detection of malfunctioning aortic prosthesis using an octave hand-analyzer and emphasized the usefulness of sound spectroanalysis.
The results of sound spectroanalysis for 50 cases in this study are as follows: The intensity of prosthetic valvular sounds was strongest in low frequency components and diminished with the increase of frequency. Peak frequency of prosthetic valvular sounds ranged from 1800 to 5000 Hz in non-complicated cases. Peak frequency, wave pattern and frequency-intensity curves differed according to the types of prosthesis. In mitral valve replacements, Starr-Edwards 6500 series showed the highest peak frequency in both MOS and MCS. The MOS/MCS ratios were less than 1.0 in Kay-Shiley and Bjork-Shiley valves but not definite in other prosthesis. Differences in peak frequency and MOS/MCS ratio according to the types of prosthesis were thought to be caused by differences in the mechanism of valve movement and the material of prosthesis. In aortic valve replacements, the highest peak frequencies of AOS and ACS were recorded in Starr-Edwards 2300 series. The AOS/ACS ratio was not definite in each type of aortic prosthesis. In mitral+aortic valve replacements, OS and CS of both mitral and aortic valves were clearly separated on contour SSG, and showed characteristics of each prosthesis. These findings were very useful to detect the prosthesis which fell into malfunction.
Making a mean value minus standard deviation multiplied by 2 (mean-2 S.D.) of peak frequency of OS and CS of each type of prosthesis as a lower normal limit, a decline of peak frequency below this limit was considered as an abnormal finding. Abnormal wave patterns in contour SSG and steep decline in frequency-intensity curve were also considered to be abnormal findings. According to these standards, 9 cases out of 50 cases showed abnormal findings in SSG. Of 9 cases 8 cases, which consisted of 5 mitral, 2 mitral+aortic and 1 tricuspid valve replace ments, showed declines of OS and/or CS of mitral and tricuspid valves. Declines of both OS and CS below lower normal limits were noted in 5 cases. 4 out of 5 cases were thrombosed valve, but the other case showed no abnormal findings in other studies and was judged as "false positive". A decline of either OS or CS was noted in 3 cases. 2 out of 3 cases were judged as "false positive" . But in the cases which were judged as "false positive", possibilities of concealed malfunction of the prosthesis could not be denied and close investigations should be done for these cases. The MOS/MCS ratio was one of the characteristics of malfunctioning pros thesis in Kay-Shiley valve. In aortic valvular sounds, no decline of AOS or SCA was noted. An abnormal wave pattern in contour SSG was the only unusual finding in this study and was thought as a characteristic of an intermittent stuck ball.
In summary, 9 cases out of 50 cases (18%) showed abnormal findings in SSG . In 6 cases out of 9 cases (67%), malfunction of the prosthesis was confirmed by surgery or autopsy. In the remaining 3 cases (33%) , no distinct findings of malfunctioning prosthesis were confirmed . heart valves as well as for early detection of malfunctioning prosthesis.
